and limitation of the infarct size. Despite the huge interest and the great body of evidence that verify the effectiveness of conditioning, clinical application has remained limited due to controversies over the appropriate intervention protocol, but also interference of medication, comorbidities and other factors that may enhance or blur the protective effect. 
enous protective mechanism rendering the myocardium more resistant to severe ischemia. This protective mechanism was termed preconditioning and was first described by Murry et al. [1] who, while investigating changes of the energy substrate in dogs at different times of ischemia, randomly found that the infarct size was significantly smaller if 4 repetitive cycles of ischemia-reperfusion of short duration (5 min) were applied prior to the prolonged myocardial ischemia. The phenomenon of preconditioning was later confirmed in all experimental models in which it was applied, and the protection provided to the myocardium was found to be independent of the presence of collateral flow.
The first research period in preconditioning included the investigation of the natural course of this phenomenon, addressing questions such as: what is the duration and number of the short ischemia-reperfusion cycles, what is the ideal time point of their application before the prolonged ischemia, when is the protection decreased, when is it lost, when does it reappear and how long must the prolonged ischemia last if there is going to be a protective effect? This investigation of the natural history of the phenomenon showed that the protection is diminished and finally lost if there is a time interval of more than 2 h between the short and the prolonged ischemia [2] [3] [4] [5] , but paradoxically reappears spontaneously without any additional intervention 24 h later. This spontaneous reappearance of protection is named the second window of protection and confers a weaker but longer enduring protection compared with the first window of protection [6] .
The next research period in preconditioning focused on the mechanism of protection, i.e. the identification of the receptors on the cell membrane, which activate a series of intracellular transmitters that take part in the protection [7] [8] [9] . The third research period targeted the identification of pharmacological agents and other factors or interventions, apart from brief myocardial ischemia, that confer the beneficial effect of preconditioning [10] .
Parallel to research on an experimental level, there were also investigations on the existence and effectiveness of preconditioning in humans. Thus, in analogy to experimental studies, clinical studies investigated the natural history of preconditioning in humans and the reproduction of the beneficial effect through the use of drugs or interventions able to activate the receptors and the intracellular transmitters that had been identified previously [11] . The first simple model of preconditioning in man would be the patient with preinfarct angina who, according to the experimental data, should have a smaller infarct size compared to patients experiencing a myocardial infarction without any prodromal symptoms. Indeed, there have been such positive findings in patients with preinfarct angina [12, 13] , but we have to consider that the conditions in the clinical setting are not as precisely defined as in the experimental laboratory. Thus, the number and duration of the brief ischemia-reperfusion episodes, the time of their application before the complete occlusion of the coronary vessel, but also the duration of the following prolonged ischemia up to the reopening of the vessel, are precisely defined in the laboratory setting. In contrast, these requirements are not met in clinical observational studies unless these are well-scheduled clinical research trials. The not so stringent application of the experimental conditions and also the practical difficulties associated with ethical concerns resulted in the search for weaker and indirect endpoints, called surrogate endpoints, instead of hard ones, such as the reduction of mortality or infarct size. Such surrogate endpoints are, for instance, the reduction of pain intensity, of arrhythmias, of ST segment elevation on the surface ECG and the improvement of left ventricular contraction, etc. These are parameters that have been identified in experimental models and indirectly express the magnitude of the conferred protection [14] [15] . The inability to achieve uniform conditions of application, and also the enthusiasm for positive results in clinical practice, has led to contradictory clinical results [16] [17] [18] .
At this point, the mechanisms participating in myocardial protection need to be described. These mechanisms work at three levels: at the first level are the receptors at the cell surface, at the second level are the intracellular transmitters that activate and phosphorylate a series of intracellular factors, and at the third level is the final factor, which confers protection when activated. We will initially describe the first findings of the experimental studies on which the clinical studies were based, and thereafter the main elements of the underlying mechanisms as well as the most recent findings.
The cell receptors that activate the mechanism of preconditioning are mainly adenosine, bradykinin and opioid receptors [19] [20] . Occupation of the bradykinin and opioid receptors by the respective stimulators activates a series of intracellular transmitters such as the kinases PI3, Akt and ERKs [20] . This is followed by an opening of the ATP-dependent potassium channels of the mitochondria, activation of the protein kinase C (PKC) as well as an intracellular increase of the free oxygen radicals during ischemia [8, 21] . Adenosine activates PKC directly without involvement of these kinases. After PKC, a final factor is activated, which prevents the destruction of the mitochondrion and the subsequent cell death ( fig. 1 ). 
Conditioning of the Myocardium

Observational Trials
As already mentioned, patients with preinfarct angina have smaller myocardial infarctions, less lethal arrhythmias and improved survival compared with those who have no prodromal symptoms [13, 21] . Patients with preinfarct angina also demonstrate better angiographic results and coronary flow after thrombolysis [15] . Thus, clinical observations confirm the beneficial effect of prodromal symptoms in some of the patients with preinfarct angina due to its preconditioning function.
Studies of Preconditioning Imitation: Reproduction in Man
These studies concern patients undergoing serial exercise tests or repeated balloon inflations during coronary angioplasty [22, 23] . During these interventions, the first exercise test that demonstrates myocardial ischemia and the first balloon inflation with complete occlusion of the coronary artery, respectively, represent the first ischemic stimulation that activates the mechanism of protection, whereas the following exercise test or the following balloon inflations are considered the reference ischemia, which should cause a smaller damage as assessed by the various endpoints. Indeed, it has been shown that the duration of the second exercise test is longer than that of the first one with a greater double product and less pronounced ECG changes. Similarly, the balloon inflations during angioplasty that follow the first one cause a smaller ST elevation and less pain [23] . This is due to the fact that the first exercise test and the first balloon inflation act as preconditioning for the ones that follow. In addition, the existence and the effectiveness of the second window of protection have been confirmed with objective control methods in man. In particular, the existence and the effectiveness of delayed preconditioning have been shown with an exercise test at day one and a new exercise test or coronary angioplasty 24 h later [24] .
Pharmacological Interventions
Adenosine infusion as an adjunct treatment to thrombolysis has provided interesting findings in the clinical trials AMISTAD [25] and AMISTAD II [26] . In the first of these trials, administration of adenosine in 236 patients with evolving myocardial infarction did not reduce the extent of necrosis in all patients, but did in those with large anterior infarctions. This was the first observation suggesting that the large area at risk is an important parameter that should be taken into account in the interpretation of the results. Another finding from the AMISTAD I trial was that the pharmacological intervention need not necessarily be applied before the index ischemia, but rather at the time of prolonged ischemia. The second AMISTAD trial included only patients with anterior infarction and showed a significant reduction of the infarct size as a result of administration of the appropriate drug dose. Nicorandil, a substance that activates the ATP-dependent potassium channels of the mitochondria and has been used in patients with stable and unstable angina, has also provided positive results regarding various endpoints [21, 27] .
Remote Preconditioning
In 1993, it was demonstrated experimentally that brief ischemia can be applied not only to the coronary artery that is going to be occluded, but also to another coronary artery or to arteries of other organs resulting in a reduction of infarct size [28] . This phenomenon was named remote preconditioning and its effectiveness has been shown in various animal models as well as in organs other than the heart. Remote preconditioning has been applied with enthusiasm in humans, since it should provide protection of the ischemic myocardium after a temporary ischemia of another vascular territory. In clinical studies, the application of remote preconditioning has provided contradictory results mainly due to 'rather weak' and ambiguous endpoints, such as trivial changes of very low troponin levels [16] [17] [18] . However, it seems that in humans remote preconditioning activates the appropriate intracellular mediators that participate in the mechanism of protection [29] .
Postconditioning
In 2003, the research group of Vinten-Johansen tested the application of very brief episodes of ischemia-reperfusion in dogs with a duration of only a few seconds immediately after the opening of the occluded coronary artery, and found that this intervention led to a significant reduction of the infarct size [30] . This phenomenon was termed postconditioning and underwent all the stages of control and research as preconditioning, with similar investigations regarding its efficacy in various animals, research protocols regarding its natural history, search for the responsible mechanism and administration of drugs mimicking it [31, 32] , and also studies regarding its efficacy in man [32] . Obviously, postconditioning is much easier to implement and thus more useful and relevant in clinical practice because the induction of repeated brief ischemia-reperfusion bursts takes place at the time of the opening of an occluded coronary artery, e.g. during primary angioplasty, and not before the occlusion of the artery, which naturally cannot be predicted. The finding
Studies of Imitation-Reproduction of Postconditioning
The application of four additional balloon inflations with complete artery occlusion immediately after the opening of the culprit artery was tested during primary angioplasty in evolving myocardial infarction [38] . The duration of the additional balloon inflations as well as the intervals between them was 1 min. This resulted in a reduction of the infarct size by 36% compared with the control group, as estimated by the release of biomarkers into the circulation. A large series of clinical studies followed with positive results regarding both infarct size and other control parameters, such as left ventricular function and remodeling, hospital and later prognosis, and other predefined endpoints [33, 39, 40] .
Thus, postconditioning exists and exerts an effective protective function on the postischemic myocardium in humans, significantly limiting the reperfusion damage. The beneficial effects were testified in many protocols of brief ischemia-reperfusion immediately after the opening of the artery with various times of application and various numbers of induced episodes in patients with STEMI, as well as in patients with significant coronary obstructions without ST segment elevation on the surface ECG [33, 39, 40] . In addition to the reduction of infarct size, improvement of other endpoints was also demonstrated, such as reduction of the indicators of oxidative stress, improvement of myocardial microcirculation and long-term improvement of left ventricular function [33, 40] .
Confounders
This section precedes the one referring to pharmacological interventions in order to make the use of particular pharmacological agents for the reproduction of postconditioning more comprehensible. An extremely large number of studies in various experimental models and under ex vivo, i.e. in an isolated beating heart outside of the animal, as well as in vivo conditions have investigated the intracellular changes and the series of events that participate in the protection of the myocardium after the application of brief ischemia-reperfusion episodes. Initially, it was recognized that there is in principle a common pathway in preconditioning and postconditioning with common receptors, ligands and several common intracellular pathways [33, 41] . This was both interesting and desirable, since many of the cell pathways of preconditioning had been already determined . Simultaneously, several novel intracellular transmitters and their isoforms, participating in one or more of the already known pathways, were identified.
Unfortunately for the daily clinical practice, research revealed a large number of cell transmitters and multiple intracellular pathways that either communicate with each other or result in the final beneficial factor by use of different pathways. This diversity creates a true labyrinth, the entrance of which includes the activators and binders of adenosine, bradykinin and opioid receptors, as described above, and also a series of other activators such as IL-6, ΝΟ, TNF-α, the natriuretic peptides ANP and BNP and the growth hormones IGF-1 and FGF-2 [20, 42] . After initial stimulation, the intracellular pathways interact with each other with participation of the kinases PI3, Akt and ERKs, the protein kinases G και C, cyclic GMP, the JAK kinase and the factors STAT 3 και 5 [40, 42] . All these, together with free oxygen radicals inside the cell, finally lead to the protection of the mitochondria by preventing the opening of their pores (mPTP) [32, 43] , resulting in salvage and survival of the cell. These data are mentioned not in order to illuminate all details of the complicated protective mechanism, but to demonstrate the size and complexity of the subject when research knowledge is transferred from the laboratory to humans, as well as to emphasize the difficulties encountered when trying to validate the beneficial effect and the achievement of protection by drugs acting as imitators of postconditioning. If we additionally take into account some isoforms of the intracellular transmitters, which may not be beneficial or may even be detrimental, or some receptor subtypes, then we might understand the size of the problem and the difficulties to validate protection in clinical practice.
Pharmacological Interventions
Insulin, statins and erythropoietin activate a series of kinases, which were mentioned before and which are named RISK from the initials of the words reperfusion injury salvage kinases [44] . These kinases protect the mitochondria by preventing the opening of their pores, which are named mPTP (mitochondrial permeability transition pores). This stops the entrance of factors that would change the osmolarity and the natural environment of the mitochondria leading to edema, destruction and finally death of the cell [32, 42] . Erythropoietin, insulin and statins have been used with success in experimental studies with reduction of the infarct size. Cyclosporine protects the mitochondrion by direct inhibition of the opening of the mPTP pores without interference of the protective RISK kinases, and has been used successfully both experimentally and in patients with acute myocardial infarction undergoing primary angioplasty [32, 44, 45] . The extent of infarction in the group receiving intravenous cyclosporine was far smaller than in the control group; these results were similar to clinical findings in the setting of repeated brief ischemia. Consequently, the pharmacological intervention with cyclosporine exerts a beneficial effect and validates the protective mechanism of postconditioning in humans [45] . The whole mechanism of conditioning is summarized in figure 1 .
Remote Postconditioning
In analogy to preconditioning, experimental studies sought for and found a beneficial effect of remote intermittent brief shots of ischemia application as in postcon- ditioning. In some of them the brief episodes of remote ischemia took place immediately after the opening of the coronary artery [36] , while in others the remote ischemia took place during [35] or during and after [46] the period of occlusion of the coronary artery. This is termed perconditioning.
The experimental findings of remote postconditioning and of perconditioning were very promising regarding their application in humans. It became clear that during evolving myocardial infarction there exists a possibility to apply perconditioning, i.e. temporary ischemia in some other vessel remote from the coronary circulation, with the expectation of achieving a reduction of infarct size. Indeed, in the ambulance during the transportation of patients to hospital, the group of Bøtker et al. [47] applied the inflation of a cuff manometer at the brachial artery to high pressures in order to achieve temporary peripheral ischemia and subsequent reperfusion of the upper extremity. This intervention resulted in significant reduction of necrosis in patients with acute anterior myocardial infarction. Similar beneficial effects with similar interventions have also been found in other human organs [33] . The hypothesis of remote conditioning is presented in figure 2 .
The Pandora Box
According to the existing experimental and clinical data, there exists a mechanism that has been proven to protect the myocardium under specific circumstances. However, these findings are not consistent or may even be contradictory in several cases of daily clinical practice [48, 49] . In particular, the appropriate number and ideal duration of each brief episode of ischemia-reperfusion in man in order to achieve a beneficial effect are questioned [50] . There are also uncertainties regarding the response of elderly patients compared with younger ones, of patients with hypertension, hypercholesterolemia or diabetes, the effect of gender and age, and finally the role of progressive restitution of flow compared with abrupt opening of the artery [40, 41, 51] . The double role of free oxygen radicals, namely beneficial during sustained ischemia and detrimental upon reperfusion, is an additional factor that contributes to the difficulty to evaluate respective results and to apply effective postconditioning in clinical practice on a wide scale [42] . It should also be considered that many patients already receive pharmacological treatment for coronary artery disease or for risk factors. Some of these drugs may enhance while other neutralize the beneficial effect of 'conditioning' [42, 45, 52] . This is an additional reason that so many years after the first descriptions and despite the evidence that this protective mechanism works in humans, its application has not been adopted by international guidelines for treatment of acute myocardial infarction. Furthermore, to evaluate the result, one should take into account not only the final extent of the infarct, but also the area that was subjected to risk, since experimental and clinical data have shown that the extent of infarction is proportional to the extent of the area that was subjected to ischemic risk. A small area at risk is associated with small and consequently not recognizable protection [45, 47] . Thus, the ratio of necrosis to the area at risk should be calculated; this poses difficulties in clinical practice and a precise calculation demands additional imaging with echocardiography or performing ventriculography in the catheterization laboratory, with radioisotopes or with magnetic resonance imaging. Nevertheless, it appears that any form of conditioning is effective in humans, but the above-mentioned confounders should always be considered with caution.
Despite the positive findings in the initial clinical study of local postconditioning during primary angioplasty in humans [38] , similar protocols from other groups with a small [48] or large number of patients [49] failed to show any similar benefit, putting its effectiveness in dispute. Compared to local application of balloon inflation in primary percutaneous coronary intervention, remote ischemic conditioning seems to provide more stable and reproducible results when applied in evolving myocardial infarction, very similar to the first clinical study findings [47] according to the findings of the same [53] and other groups [54] .
The effectiveness of conditioning is also questionable during cardiothoracic surgery. Some studies are more promising [55] , but others, with very similar [56] or even stronger conditioning protocols [57] failed to reconfirm the initial enthusiasm. Two ongoing large multicenter clinical trials, the ERICCA (NCT01247545) [58] and RIPHeart trials (NCT01067703) [59] , will probably shed light on the outcome of patients who undergo coronary artery bypass surgery and who are subjected to remote conditioning.
Despite the encountered difficulties and the lack of proof of endogenous protection in humans, there is optimism that innocent and safe interventions remote from the myocardium, as well as appropriate pharmacological interventions, will add a very useful tool to our armamentarium for the reduction of myocardial damage [47] . The validation in clinical practice requires prudence and patience. Trivial reduction of some biomarkers or equivocal surrogate endpoints should be interpreted cautiously.
It should be taken into account that some differences are related to the total ischemic burden, to the mode of ischemia, i.e. elective angioplasty, evolving myocardial infarction and cardiothoracic surgery, etc., and to the therapeutic interventions. All these thoughts and the various mechanical or pharmaceutical interventions are extensively presented, describing the chances, challenges and concerns related to the translation of the experimental findings into clinical practice [60, 61] . Finally, some divergent results may be due to genetic differences of the study population (Asians vs. Europeans or Americans) and to the ability of some experienced groups of investigators to apply appropriate interventions, providing consistently positive results. Research is ongoing and recent experimental data provide one more optimistic message that postconditioning may be applied not only directly after the opening of the occluded artery but also somewhat later.
In conclusion, the mechanisms of endogenous protection work effectively in humans and may be reproduced in daily clinical practice. They reduce the final infarct size by restricting the reperfusion injury, which contributes approximately 40% to the final infarct size. They are reproduced under particular circumstances with drugs such as cyclosporine, adenosine, opioids, inhibitors of the angiotensin-converting enzyme, but also insulin, statins and erythropoietin. There are clear indications that in humans the application of remote ischemia during evolving infarction is beneficial. The demonstration of a beneficial effect requires a large ischemic area of the myocardium at risk and is therefore evident only in large infarcts. Current interventions, such as primary angioplasty, novel antiplatelet drugs and β-blockers reduce significantly the infarct size and prevent the demonstration of additional protection. Long-term patient therapy with inhibitors of the angiotensin-converting enzyme, nitrates, statins, β-blockers, oral antidiabetics and insulin induce or inhibit conditioning and blur its effects. Comorbidities affect the level of protection. The endogenous mechanisms of protection act also in other organs, such as the kidneys, liver, brain and spinal cord. Negative studies should be interpreted with caution in order not to repeat clinical protocols that cost time and money.
